CRISPR/Cas systems confer molecular immunity against phages and conjugative plasmids in prokaryotes. Recently, CRISPR/Cas9 systems have been used to confer interference against eukaryotic viruses. Here, we engineered Nicotiana benthamiana and tomato (Solanum lycopersicum) plants with the CRISPR/Cas9 system to confer immunity against the Tomato yellow leaf curl virus (TYLCV). Targeting the TYLCV genome with Cas9-single guide RNA at the sequences encoding the coat protein (CP) or replicase (Rep) resulted in efficient virus interference, as evidenced by low accumulation of the TYLCV DNA genome in the transgenic plants. The CRISPR/Cas9-based immunity remained active across multiple generations in the N. benthamiana and tomato plants. Together, our results confirmed the efficiency of the CRISPR/Cas9 system for stable engineering of TYLCV resistance in N. benthamiana and tomato, and opens the possibilities of engineering virus resistance against single and multiple infectious viruses in other crops. (TYLCV) is the most economically important monopartite virus of the genus Begomovirus of the Geminiviridae family, and TYLCV can cause 100% crop loss in the field [2]. Tomato plants infected with TYLCV show severe symptoms of stunting with small, thick, rubbery cup-shaped leaves and yellowing along leaf margins, which leads to significant fruit loss [3]. First detected in the Middle East in 1960, TYLCV is now endemic in many parts of the world, including Africa, The Americas, Asia, and Australia [4]. TYLCV is transmitted by an insect vector, Bemisia tabaci (whitefly).
Introduction
Tomato (Solanum lycopersicum) is an important horticultural crop grown worldwide, with a global production of more than 159 million metric tons on nearly 50 million hectares, and a global trade value of 16.5 billion USD in 2010 (FAO statistics 2010-11) . However, tomato is susceptible to a range of pathogens, including viruses [1] . Tomato yellow leaf curl virus
Results

Engineering of CRISPR/Cas9-mediated immunity against TYLCV in N. benthamiana
Recently, we established an efficient method to target the genomic DNA of different viruses using CRISPR/Cas9 [14] and confirmed that targeting different coding and non-coding sequences of geminiviruses results in effective viral interference [17] . To test whether CRISPR-Cas9 systems can be used to confer durable virus resistance in planta, we engineered plants that reliably express the CRISPR/Cas9 machinery targeting TYLCV. We used Agrobacteriummediated T-DNA transformation to express sgRNAs from the U6-26s promoter and Cas9 under the control of the CaMV-35S promoter in the model plant N. benthamiana. The U6-sgRNA cassette and the human codon-optimized Cas9 gene under the CaMV-35S promoter were cloned into a binary vector ( Figure 1A) and transformed into N. benthamiana leaf discs using Agrobacterium tumefaciens. The primary transformants were selected on regeneration media with kanamycin as the selection marker and transferred to soil. The presence of the Cas9 endonuclease was confirmed in three individual transgenic lines by western blotting with an anti-FLAG antibody ( Supplementary Figure 1) .
To confirm that lines expressing CRISPR/Cas9 were capable of targeting and cleaving the viral genome, the infectious clone of TYLCV in a binary vector was introduced into the lower leaf of the transgenic and wild-type plants through agro-infiltration. Total DNA was isolated from the systemic leaves at seven days post infiltration. The target-encompassing region was PCR amplified using TYLCV-specific primers ( Supplementary Table 1 ) and subjected to the T7EI assay for the detection of insertions/deletions (InDels). Our results clearly demonstrated the ability of the CRISPR-Cas9 system to target TYLCV at the CP, IR, or Rep sequences in N.
benthamiana plants ( Figure 1B , C and D).
Silencing of the T-DNA inserted genes is common in plants, particularly when these genes are engineered for viral resistance [18] . Therefore, we tested the capability of the system to confer virus interference throughout multiple generations. To this end, we inoculated T 3 progeny plants with TYLCV and conducted molecular analysis to test for virus interference and modification. T7EI ( Figure 1E ) and dot-blot analyses ( Figure 1F ) confirmed that TYLCV was effectively targeted by the CRISPR/Cas9 system in the T 3 plants, and this targeting resulted in low accumulation of the TYLCV genome in the plants, which was similar to the results of the T 1 generation.
A stably-engineered CRISPR/Cas9 system conferred interference against TYLCV in tomato.
To engineer CRISPR-Cas9-based resistance against TYLCV in tomato, the T-DNA of the binary constructs ( Figure 1A ) was transformed into tomato cotyledons (cultivar Money Maker) and transgenic lines expressing CRISPR-Cas9 machinery were regenerated. Six individual lines (for each of the CP and Rep targets) were confirmed for the expression of Cas9 by anti-flag antibodies (Supplementary Figure 2) and were grown to maturity to collect T 2 seeds. T 2 seedlings were selected on kanamycin, acclimatized and transferred to soil, and then inoculated with TYLCV. Total DNA was isolated from leaves for various molecular analyses. PCR amplicons encompassing the target regions of the CP and Rep regions of the TYLCV genome were subjected to T7EI mutation detection analysis. Our T7EI results confirmed efficient targeting of the CP and Rep sequences in the plants expressing CRISPR-Cas9 (Figure 2A and B ).
Subsequently, we conducted Sanger sequencing of the PCR amplicons and validated the targeting of TYLCV by the Cas9 endonuclease in the T 2 transgenic plants ( Figure 2C and D).
To confirm that targeting by CRISPR-Cas9 results in low accumulation of the TYLCV genome in tomato, extracted DNA was subjected to semi-quantitative PCR analysis. Transgenic plants accumulated a lower titer of the TYLCV genome compared to the wild-type plants ( Figure   2E ). TYLCV is a single-stranded DNA virus and converts to double-stranded DNA by rolling circle amplification. To test whether TYLCV targeting via the CRISPR/Cas9 machinery in transgenic plants resulted in low accumulation of the single-stranded viral DNA genome, we performed a rolling circle amplification assay (RCA). The RCA assay results showed that the transgenic plants accumulated a lower amount of viral genomic DNA compared to the wild-type plants ( Figure 2F ).
CRISPR/Cas9-mediated immunity against TYLCV was stable over multiple generations in tomato.
To engineer viral immunity in crops like tomato, the function of the CRISPR/Cas9 system must be inherited indefinitely. To validate the inheritance of the CRISPR/Cas9 machinery and function in virus interference, T 3 progeny plants were inoculated with TYLCV and various molecular analyses were conducted on the extracted DNA. Our T7EI results confirmed efficient targeting of the CP and Rep sequences in the T 3 plants expressing the CRISPR/Cas9 machinery, indicating its ability to confer virus resistance in the progeny plants ( Figure 3A and B) . Further, our Sanger sequencing data of the PCR amplicons flanking the target sequence in the virus genome confirmed effective targeting of TYLCV by the Cas9 endonuclease ( Figure 3C and D).
To confirm that CRISPR-Cas9-mediated immunity results in a lower titer accumulation of TYLCV, we conducted semi-quantitative PCR and RCA analysis on T 3 progeny plants inoculated with TYLCV. Both the semi-quantitative PCR (Supplementary Figure 3 ) and RCA data ( Supplementary Figure 4) clearly demonstrated low accumulation of the TYLCV genome in the T 3 homozygous plants expressing the CRISPR-Cas9 system. We used dot-blot analysis to determine the virus titer, which indicated a lower accumulation of TYLCV genomic DNA in the T 3 homozygous plants than in the wild-type control plants ( Figure 3E ). These data indicated that the CRISPR-Cas9 system engineered in plants to target the TYLCV provides an effective tool to control virus infection.
TYLCV evasion from the CRISPR/Cas9 machinery
Viruses could use the repair machinery to generate variants capable of escaping the CRISPR/Cas9 machinery. For example, TYLCV genome can be targeted by CRISPR/Cas9 machinery for cleavage and can be repaired by cellular NHEJ repair pathway in plant cell nucleus. Such imprecise repair could allow TYLCV genome to evolve and change the sequences corresponding to the spacer or protospacer-associated motif, thereby evading the CRISPR/Cas9 system and replicating and spreading systemically. It is worth noting that these virus escapees would be un-targetable and able to freely replicate and move across the plants. To understand and limit the frequency of these escapees are key to develop durable virus resistance.
To test the ability of TYLCV to overcome the CRISPR-Cas9 system, we collected sap from the TYLCV-infected N. benthamiana transgenic plants expressing CRISPR/Cas9 targeting the TYLCV Rep sequence and used this sap to mechanically inoculate wild-type N. benthamiana plants. DNA was collected 7 days after inoculation (dai) and subjected to rigorous molecular analysis. Sanger sequencing confirmed the Rep sequence variants of the TYLCV genomes and analysis of the modified nucleotide sequence to their corresponding amino acids demonstrated that, almost all of evolved variants have functional and contiguous ORFs but with varied amino acids at targeted sequence ( Figure 3F ) thereby allowing replication and systemic movement.
Discussion
CRISPR/Cas9 is an efficient, adaptive anti-viral system of bacteria and archaea that was recently tailored for targeted modifications of eukaryotic genomes and to provide interference against viruses, including DNA viruses that infect plants [17, 19, 20] . The CRISPR/Cas9 system can be introduced into plants for interference against DNA viruses and can also be used to mutate a susceptible gene in the plant genome to confer resistance [14] . TYLCV is one of the most serious viruses infecting tomato and other important crops, but conventional methods to control TYLCV are expensive and mostly ineffective [3] . Here, we assessed the utility of the CRISPR/Cas9 system to confer resistance against TYLCV in N. benthamiana and tomato, and tested the durability of virus resistance over multiple generations. Most importantly, we also assessed whether the CRISPR/Cas9 machinery would trigger mutations in the viral genome capable of evading the CRISPR/Cas9 system.
We stably engineered the CRISPR/Cas9 machinery in N. benthamiana and tomato to target TYLCV genomic sequences. CRISPR/Cas9 targeted the CP sequence of TYLCV very efficiently and provided robust interference in all tomato plants from the T 2 to the homozygous T 3 generation.
The CRISPR/Cas9 system also targeted the Rep region of the viral genome, though with less efficiency compared to the CP sequence. One possible explanation for this difference in efficiency is that the sgRNA directing the Cas9 endonuclease is more efficient in binding to the CP target sequence than to the Rep sequence. The presence of binding proteins or competition with the viral replication machinery for binding to the Rep ORF could hinder the binding of the CRISPR-Cas9 complex to the spacer sequence in the Rep region. The latter possibility is consistent with recent data showing the robust targeting and cleavage of the CP sequence of another geminivirus, Cotton leaf curl kokran virus (CLCuKV), by the CRISPR/Cas9 machinery [17] . Interestingly, all possible Indels were detected, but we observed in the targeting of TYLCV in permanent lines of N. benthamiana and tomato expressing the CRISPR/Cas9 system, a predominant single nucleotide change at the Cas9 targeted sequence.
Previous observations have indicated that silencing of the CRISPR-Cas9 system can occur in successive generations [18, 21] . Therefore, after demonstrating the efficiency of stablyexpressed CRISPR/Cas9 machinery in conferring virus interference, we tested whether this activity persists over multiple generations. Indeed, our results demonstrated that the expression of the CRISPR/Cas9 machinery and viral resistance was inherited over multiple generations.
Viruses can often overcome the plant's genetic immunity, including the engineered CRISPR/Cas9 system [17] . It is crucial to understand the limits and frequency of this naturallyacquired resistance in order to develop durable virus resistance in plants [22] . Additionally, targeting the viral genome by the CRISPR/Cas9 system leads to the formation of double-strand breaks, which are repaired by error-prone non-homologous end joining or more precise homology-directed repair mechanisms. Thus, this repair machinery could generate viral variants capable of overcoming the CRISPR/Cas9 machinery, as imprecise repairs of the viral genome could result in mutations in the sequences corresponding to key sequences essential for the Cas9 activity including spacer and PAM sequences. Because viruses have high rates of evolution and the CRISPR/Cas9 system does not tolerate mismatches in the seed sequences (9-12 nt) of the spacer near the PAM sequence [23], any mutation of these sequences would limit or eliminate the ability of the CRISPR/Cas9 system to target the virus, and therefore lead to virus variants that can overcome the resistance. To test this, we assessed the ability of the TYLCV genome to overcome the CRISPR/Cas9-mediated immunity. Similar to our previous results for CP [14] Sanger sequencing data revealed TYLCV genomes with sequence modifications at the Rep sequence, but maintaining a functional and contiguous ORFs, thereby capable of replication and systemic movement.
Intergenic region nona nucleotides (IR) important for virus replication can limit the frequency of these viral escapees [14] . However, multiple attempts to regenerate tomato lines expressing Cas9 and sgRNA targeting the IR failed, whereas we were able to successfully 
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